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Abstract. One important characteristic of base-isolated liquid storage structure (LSS) is that the 
vibration periods of structure and liquid are different, namely, there are two kinds of periods in 
the system. As a result, structure or liquid resonance may occurs under external excitation. In order 
to reflect the nonlinear characteristics of liquid sloshing, subsonic potential-based element is used 
to simulate the liquid. The governing equations of liquid field and fluid-structure interaction (FSI) 
equations are established; the initial and boundary conditions of liquid sloshing in dynamic 
coordinate system are obtained. Harmonic functions used to conduct time history analysis are 
generated by the first order vibration frequencies of structure and liquid respectively. The dynamic 
responses of base-isolated rectangular liquid storage structure (RLSS) under two types of 
resonance are studied comparatively. Results show that when the external excitation frequency is 
equal to the first order vibration frequency of isolated structure or liquid sloshing, wall tensile 
stress, structure displacement, base shear force and liquid sloshing wave height will appear 
resonance amplification phenomenon. The dynamic responses of structure itself caused by 
structure resonance are greater than that of liquid resonance; while the liquid sloshing wave height 
caused by liquid resonance is greater than that of structure resonance. Under structure resonance, 
the wall is prone to be cracked; and under liquid resonance, the liquid velocity field will become 
unusually violent, and liquid overflow will be caused easily. 
Keywords: isolation, liquid storage structure, resonance, dynamic response, FSI, harmonic 
function. 
1. Introduction 
Concrete RLSSs are widely used in water supply and drainage, sewage treatment, oil and 
chemical industry, railway and roof TLD. Once the seismic capacity of this type of structure is 
insufficient, under the action of earthquake, not only the structure itself will be destroyed, but also 
liquid leakage will be caused, as a result, environmental pollution, fire and the other secondary 
disasters will happen, even the people's life will be threatened seriously. Research of safety and 
shock absorption measure of this kind of engineering under earthquake and other external actions 
is of great significance for material reserves, disaster prevention, rescue and disaster relief and 
post-disaster reconstruction. 
As a good damping method, rubber isolation has a wide application in civil engineering, and 
scholars have also done a lot of research on its application in LSS. Kim and Lee [1] used the 
substructure technique to simulate the influence of hydrodynamic force on structure, and evaluated 
the seismic performance of base-isolated LSS by pseudo-dynamic test. Chalhoub and Kelly [2] 
found that the total hydrodynamic pressure was effectively reduced, but the liquid sloshing height 
was increased slightly after the rubber isolation being taken. Malhotra [3, 4] proposed a new 
calculation method of seismic responses of rubber isolation LSS, found that rubber isolation could 
effectively reduce overturning moment and wall compressive stress, but its reduction effect on 
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liquid sloshing height was not obvious. Jadhav and Jangid [5] studied the seismic responses of 
isolation LSS by three-particle model, and analyzed the main parameters affecting the isolation 
effect. Shrimali and Jangid [6] simplified the LSS as mass-spring model, studied the seismic 
responses of LSS with different sizes and different damping layers by modal superposition method 
and response spectrum method, and proved that the solution obtained by the simplified method 
and the accurate method are well matched. Soil-structure interaction is an important feature of the 
system, which has a significant effect on the dynamic response of the system [7-11], Cho et al. 
[12] evaluated accurately the seismic response of a liquid storage tank considering soil-structure 
interaction effect. Shekari and Khaji [13] simulated the isolation bearing with bilinear hysteretic 
element, and studied the seismic responses of base-isolated LSSs by finite element method. Sun 
et al. [14] established the simplified mechanical model of LSS considering liquid sloshing, FSI 
and wall elasticity, and obtained the theoretical equations of tank hydrodynamic pressure, wave 
height, base shear force and bending moment. Saha et al. [15] studied the dynamic responses of 
base-isolated LSSs under bi-directional seismic action based on two-particle and three-particle 
model, and found that the sloshing displacements corresponding to the two-particle and the 
three-particle model were basically equal, but the two-particle model underestimated the base 
shear, overturning moment and isolation layer displacement. Vosoughifar and Naderi [16] 
established 3-D model of RLSS by finite element method, and found that rubber isolation could 
reduce base shear force by conducting the nonlinear time history analysis under biaxial seismic 
action. Angelis et al. [17] studied the scale model by shaking table test, and found that isolation 
could effectively reduce the hydraulic pressure acting on the wall. Li et al. [18] simulated the 
nonlinear mechanical behavior of lead rubber isolation by using Bounc-Wen model, got the 
conclusion that the isolation frequency was the main parameter affecting the damping effect for 
large-scale isolation LSS. Yang et al. [19] studied the seismic responses of laminated rubber 
isolated spherical tank based on the response spectrum theory, found that the velocity and structure 
acceleration had been controlled effectively after the isolation being taken. Yang and Gao [20] 
evaluated the effect of base isolation on dynamic stability of LSS by the FSI equation based on 
displacement pressure scheme. Cheng et al. [21] studied the liquid-solid coupling responses of 
isolated concrete RLSS by the finite element method.  
A large number of researches have been carried out on base-isolated LSSs, and results show 
that the reasonable design of rubber isolation can effectively reduce dynamic responses of the LSS, 
but it has little effect on liquid sloshing height, even will cause the increase of liquid sloshing 
height. It can be seen that the responses of liquid and structure is quite different. Therefore, it is 
significant to study the influence of two kinds of resonances of structure and liquid on dynamic 
responses of the system under external excitation. At present, literatures about two kinds of 
resonance responses of rubber base-isolated LSS is quite rare. Considering FSI, a 
three-dimensional calculation model of base-isolated RLSS is established. The harmonic function 
is used as the excitation, two kinds of resonance problems are studied when the excitation 
frequency is equal to the first-order vibration frequency of structure or liquid based on 
computational fluid dynamics (CFD) method. Some important responses of concrete RLSS (such 
as wall tensile stress, wave height and base shear force) are taken as the analysis object, then the 
dynamic responses corresponding to the two types of resonance is investigate comparatively, 
which is good to provide theoretical basis for the design and disaster prevention of base-isolated 
concrete RLSS. 
2. Nonlinear FSI based on the theory of subsonic potential flow 
2.1. Subsonic potential flow theory 
In order to consider the nonlinear characteristics of liquid sloshing under resonance, the 
commonly used linear potential flow theory is no longer applicable. Because the subsonic 
potential flow theory can consider the Bernoulli effect, which belongs to the nonlinear element 
DYNAMIC RESPONSES OF BASE-ISOLATED CONCRETE LIQUID STORAGE STRUCTURE UNDER TWO TYPES OF RESONANCES.  
WEI JING, JINGXUAN WANG 
1576 JOURNAL OF VIBROENGINEERING. SEPTEMBER 2019, VOLUME 21, ISSUE 6  
and can be used to simulate the liquid. The subsonic potential flow theory is based on the subsonic 
velocity equation, for the liquid domain, the velocity potential equation can be obtained by using 
the continuous energy and motion equations [22]: 
𝜌ሶ + ∇(𝜌∇𝜙) = 0, (1) 
ℎ = Ω(𝑥) − 𝜙ሶ − 12 ∇𝜙 ⋅ ∇𝜙, (2) 
where 𝜌 is liquid density; 𝜙 is velocity potential (𝜈 = ∇𝜙, and 𝜈 is liquid velocity); ℎ is specific 
enthalpy, and ℎ = ׬ 𝑑𝑝 𝑝⁄ , 𝑝 is liquid pressure; Ω(𝐱) is the potential energy of body acceleration 
at 𝑥, ∇Ω is equal to g if the body force is only gravity, 𝑔 is acceleration of gravity. 
If the compressibility of liquid is considered, the relationship between liquid pressure and 
density can be expressed as [22]: 
𝜌
𝜌଴ = 1 +
𝑝
𝜅, (3) 
where 𝜌଴ is nominal liquid density; 𝜅 is liquid bulk modulus. 
The relationship of density-enthalpy and pressure-enthalpy of liquid can be expressed as [22]: 
൞
𝜌 = 𝜌଴exp ൬
𝜌଴ℎ
𝜅 ൰ ,
𝑝 = 𝜅 ൤exp ൬𝜌଴ℎ𝜅 ൰ − 1൨ .
 (4) 
2.2. Motion equation of liquid domain 
Assuming that the unknown increment of velocity potential 𝜙  is ∆𝜙 , and the unknown 
increment of displacement vector 𝐮 is ∆𝐮, then the motion equation of liquid domain can be 
expressed as [22]: 
൤0 00 −𝐌ிி൨ ൤
∆𝐮ሷ
∆𝜙ሷ ൨ + ൤
𝐂௎௎ 𝐂௎ி
𝐂ி௎ −(𝐂ிி + (𝐂ிி)ௌ)൨ ൤
∆𝐮ሶ
∆𝜙ሶ ൨
     + ൤𝐊௎௎ 𝐊௎ி𝐊ி௎ −(𝐊ிி + (𝐊ிி)ௌ)൨ ൤
∆𝐮
∆𝜙൨ = ቂ
0
0ቃ − ൤
𝐅௎
𝐅ி + (𝐅ி)ௌ൨ ,
 (5) 
where 𝐅௎ , 𝐅ி  and (𝐅ி)ௌ  are the force acting on structure boundary caused by liquid pressure, 
volume force and area force corresponding to liquid continuity equation; 𝐌ிி  is liquid mass 
matrix; 𝐂௎௎, 𝐂ி௎, 𝐂௎ி and 𝐂ிி are damping matrix of structure itself, damping matrix of liquid 
contributed by structure, damping matrix of structure contributed by liquid and damping matrix 
of liquid itself; 𝐊௎௎, 𝐊ி௎, 𝐊௎ி and 𝐊ிி are stiffness matrix of structure itself, stiffness matrix of 
liquid contributed by structure, stiffness matrix of structure contributed by liquid and stiffness 
matrix of liquid itself: 
𝐅ி = න ൬
∂𝜌
∂ℎ ℎሶ 𝛿𝜙 − 𝜌∇𝜙൰
௏
𝑑𝑉, (6) 
(𝐅ி)ௌ = න −𝜌𝐮 ⋅ 𝐧𝛿𝜙𝑑𝑆
ௌ
, (7) 
where 𝑉 is liquid domain; 𝑆 is boundary of liquid domain; 𝐧 is vector of internal normal direction 
of 𝑆; 𝐮 is movement velocity of 𝑆. 
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A part of the liquid boundary surface 𝑆 is assumed to be adjacent to the structure (Fig. 1), the 
boundary surface adjacent to the structure is represented as 𝑆ଵ, and the force 𝐅௎ acting on structure 
boundary caused by liquid pressure can be obtained by Eq. (8) [16]: 
⎩⎪
⎨
⎪⎧−𝛿𝐹௎ = − න 𝑝𝐧
ௌభ
⋅ 𝛿𝐮𝑑𝑆ଵ,
𝑝 = 𝑝(ℎ) = 𝑝 ൤Ω(𝐱 + 𝐮) − 𝜙ሶ − 12 𝐯௡ ⋅ 𝐯௡ −
1
2 𝐯௧ ⋅ 𝐯௧൨ ,
 (8) 
where 𝑣௡ is liquid movement velocity perpendicular to the boundary, 𝑣௧ is tangential velocity: 
𝐯௡ = (𝐮ሶ ⋅ 𝐧)𝐧,   𝐯ఛ = ∇𝜙 − (∇𝜙 ⋅ 𝐧)𝐧. (9) 
2.3. FSI equation 
Because the system is non-linear, each exact solution needs multiple equilibrium iterations. 
Adding structure term into liquid motion of Eq. (5), then the FSI equation based on subsonic 
potential flow theory can be expressed as [16]: 
൤𝐌ௌௌ 00 𝐌ிி൨ ൤
∆𝐮ሷ
∆𝜙ሷ ൨ + ൤
𝐂௎௎ + 𝐂ௌௌ 𝐂௎ி
𝐂ி௎ −(𝐂ிி + (𝐂ிி)ௌ)൨ ൤
∆𝐮ሶ
∆𝜙ሶ ൨
     + ൤𝐊௎௎ + 𝐊ௌௌ 𝐊ி௎𝐊௎ி −(𝐊ிி + (𝐊ிி)ௌ)൨ ൤
∆𝐮
∆𝜙൨ = ቂ
𝐅ௌௌ
0 ቃ − ൤
𝐅௎
𝐅ி + (𝐅ி)ௌ൨ ,
 (10) 
where 𝐌ௌௌ, 𝐂ௌௌ and 𝐊ௌௌ are mass, damping and stiffness matrix of structure; 𝐅ௌௌ is load vector of 
structure. 
 
Fig. 1. Interaction of liquid and structure 
Because Eq. (2) contains nonlinear item − ଵଶ ∆𝜙 ⋅ ∆𝜙 (Bernoulli effect), besides, the relations 
between density and enthalpy, pressure and enthalpy in Eq. (4) are also nonlinear, so Eq. (5) and 
Eq. (10) can reflect the nonlinear characteristics of liquid sloshing under resonance. 
The Rayleigh orthogonal damping model is used for the damping of the governing equations; 
the model assumes that the damping matrix of the system is a combination of mass matrix and 
stiffness matrix: 
𝐂 = 𝛼𝐌 + 𝛽𝐊, (11) 
⎩
⎨
⎧𝛼 = 2𝜔ଵ𝜔ଶ𝜉(𝜔ଵ + 𝜔ଶ) ,
𝛽 = 2𝜉(𝜔ଵ + 𝜔ଶ) ,
 (12) 
S1 
n 
Liquid 
p 
Structure 
-p 
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where 𝛼 and 𝛽 are mass and stiffness damping coefficients; 𝜔ଵ and 𝜔ଶ are the first and the second 
order circular frequencies, and the circular frequencies can be obtained by modal analysis based 
on Block Lanczos method; 𝜉 is damping ratio. 
2.4. Boundary conditions 
When the LSS is subjected to external excitation in the 𝑥 direction, which basically includes 
three kinds of typical boundary conditions (Fig. 2), namely, the wall boundary Γ௪, the bottom 
plate boundary Γ௕ and the free surface boundary Γ௙. On the free surface boundary Γ௙, dynamic and 
kinematic conditions should be satisfied. The boundary conditions and the initial conditions of the 
velocity potential function needs to satisfy can be expressed as follows: 
⎩
⎪⎪
⎪
⎨
⎪⎪
⎪
⎧∂𝜙(𝑥, 𝑦, 𝑧, 𝑡)∂𝑧 ቤ௭ୀ଴
= 0,   Γ௕,
∂𝜙(𝑥, 𝑦, 𝑧, 𝑡)
∂𝑥 ቤ௫ୀ଴,௔
= 𝑢ሶ ௦,   Γ௪,
∂𝜙(𝑥, 𝑦, 𝑧, 𝑡)
∂𝑡 ቤ௭ୀ௛
+ 𝑔𝜂 = 0,   Γ௙,
𝜙|௧ୀ଴ = 𝜙଴,     𝜙ሶ ห௧ୀ଴ = 𝜙ሶ ଴,
 (13) 
where 𝜂  is wave equation on the liquid free surface; 𝑔 is gravity acceleration; 𝑢ሶ ௦  is structure 
velocity; 𝑎 is the length of the structure along the external excitation direction. 
 
Fig. 2. Boundary conditions 
In order to better describe the mathematical problem, two Descartes coordinate system are 
defined, as shown in Fig. 3, one of which is assumed to be fixed in space, and the other is moved 
with the LSS [23]. For any quantity q to be solved can be expressed in any one of the coordinate 
system, namely, 𝑞(𝑥, 𝑦, 𝑧, 𝑡) = 𝑞(𝑥′, 𝑦′, 𝑧′, 𝑡). 
Free surface is the interface between the liquid and the atmosphere, and the interface will be 
affected by the surrounding pressure and surface tension. In the fixed Descartes coordinate system, 
the kinetic and dynamic boundary conditions on the free surface are [23]: 
∂𝜂
∂𝑡 +
∂𝜙
∂𝑥
∂𝜂
∂𝑥 −
∂𝜙
∂𝑧 = 0, (14) ∂𝜙
∂𝑡 +
1
2 ∇𝜙 ⋅ ∇𝜙 + 𝑔𝜂 = 0, (15) 
Γf 
Γw 
Γb 
η 
Liquid 
( )gx t  
a 
c 
h 
z 
x 
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where 𝜂(𝑥, 𝑦, 𝑡) is vertical coordinate of free surface. 
 
Fig. 3. Schematic diagram of movement of liquid free surface 
Because horizontal displacement of sliding isolation LSS is large, the moving coordinate for 
solving the problem will bring significant convenience; free surface boundary condition in the 
fixed coordinate system can be expressed as Eq. (14) and Eq. (15) in the moving coordinate 
system [23]: 
∂𝜂′
∂𝑡 + ൬
∂𝜙
∂𝑥′ − 𝑢௦൰
∂𝜂′
∂𝑥′ −
∂𝜙
∂𝑧 = 0, (16) ∂𝜙
∂𝑡 − 𝐮௦ ⋅ ∇𝜙 +
1
2 ∇𝜙 ⋅ ∇𝜙 + 𝑔𝜂 = 0. (17) 
In the moving coordinate system, the potential function 𝜙 is composed of two parts: 𝜙ଵ and 
𝜙ଶ, which are caused by the motion of the structure and the interior liquid sloshing: 
𝜙 = 𝜙ଵ + 𝜙ଶ,   𝜙ଵ = − ቀ
𝑎
2 − 𝑥
ᇱቁ 𝑢ᇱ௦. (18) 
Taking Eq. (18) into Eq. (16) and Eq. (17): 
∂𝜂′
∂𝑡 +
∂𝜙ଶ
∂𝑥′
∂𝜂′
∂𝑥′ −
∂𝜙ଶ
∂𝑧ᇱ = 0, (19) ∂𝜙ଶ
∂𝑡 +
1
2 ∇𝜙ଶ ⋅ ∇𝜙ଶ + 𝑔𝜂
ᇱ + 𝑥ᇱ 𝑑𝑢
ᇱ௦
𝑑𝑡 =
1
2 |𝐮௦|
ଶ, (20) 
where 𝐮௦ is LSS displacement vector. 
Then the initial boundary value problems of liquid sloshing in the moving coordinate system 
can be obtained: 
𝜙ଵ = − ቀ
𝑎
2 − 𝑥
ᇱቁ 𝑢ᇱ௦(0), whole liquid domain,
𝜂 = 0,   Γ௙
 (21) 
∇𝜙ଶ ⋅ 𝐧 = 0,   Γ௕,   Γ௪,
∂𝜂′
∂𝑡 = −
∂𝜙ଶ
∂𝑥ᇱ
∂𝜂ᇱ
∂𝑥ᇱ +
∂𝜙ଶ
∂𝑧ᇱ = 0,   Γ௙,
∂𝜙ଶ
∂𝑡 = −
1
2 ∇𝜙ଶ ⋅ ∇𝜙ଶ − 𝑔𝜂
ᇱ − 𝑥 𝑑𝑢
ᇱ௦
𝑑𝑡 ,   Γ௙.
 (22) 
 
y′ 
x′ 
z′ 
Free surface at t  
y′ 
x′ 
z′ 
x 
z 
y 
Free surface at t+Δt  
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3. Numerical example 
3.1. Calculation model 
The size of RLSS is 6 m×6 m×6 m, the thicknesses of the wall and the bottom plate are 0.3 m. 
Elastic modulus of concrete is 3×1010 Pa, Poisson’s ratio is 0.2, density is 2500 kg/m3, tensile 
strength is 2.01 MPa [24], and 3-D Solid element is used for the concrete. Diameter of rebar is 
12 mm, the spacing is 200 mm, the other parameters are shown in Table 1, bilinear elastoplastic 
model is used for the rebar. Potential-based fluid material and subsonic potential-based element 
are used to simulate the liquid, liquid density is 1000 kg/m3, liquid bulk modulus is 2.3×109 Pa. 
The thickness of isolation layer is 0.3 m, 3-D Solid element is used to simulate the isolation layer, 
Mooney-Rivlin super elastic constitutive model is used for rubber isolation layer [25-27], and the 
strain energy density function described by the invariant of deformation tensor 𝑊  can be 
expressed as: 
𝑊 = ෍ 𝐶௜௝
௡
௜ା௝ିଵ
(𝐼௜ − 3)௜൫𝐼௝ − 3൯௝, (23) 
where 𝐶௜௝  is material constants generally determined by experiment; 𝐼  is deformation tensor 
invariant. Material constants of Mooney-Rivlin are shown in Table 2. Considering FSI, the 
calculation model of the base-isolated concrete RLSS is established [28], as shown in Fig. 4. 
Table 1. Parameters of rebar 
Parameters Elastic modulus / Pa 
Density / 
kg / m3 
Poisson’s 
ratio 
Initial yield 
strength / MPa 
Strain hardening 
modulus / Pa 
Max. allowable 
effective plastic 
strain 
Values 2×1011 7800 0.3 300 1×109 0.0375 
Table 2. Material constants of Mooney-Rivlin (N/m2) 
𝐶ଵ 𝐶ଶ 𝐶ଷ 𝐶ସ 𝐶ହ 𝐶଺ 
206000 1858 4100 100 0 28.1 
 
 
a) Whole model 
 
b) Rebar arrangement 
Fig. 4. Calculation model of base-isolated concrete RLSS 
3.2. Modal solution 
An important characteristic of LSS is that there are two kinds of vibration at the same time, 
namely, structure and liquid vibration, so there are two kinds of cycles in the system. Structure or 
liquid resonance will occur according to the external excitation. In order to obtain the structure 
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and liquid frequencies and damping calculation coefficients, modal analysis is performed before 
resonance response analysis. The mode shape and frequency are shown in Fig. 5, Fig. 6 and 
Table 3. 
 
a) First order 
 
b) Second order 
Fig. 5. Liquid vibration modes 
 
a) First order 
 
b) Second order 
Fig. 6. Structure vibration modes 
Table 3. Vibration frequencies of structure and liquid 
Frequencies/ Hz First order Second order 
Structure 2.444 2.937 
Liquid 0.3946 0.4361 
3.3. Dynamic responses corresponding to the two kinds of resonances 
On the basis of the modal solution, taking the first order circle frequencies 𝜔ଵ and 𝜔′ଵ of liquid 
and structure as the object, 𝑎(𝑡) = 𝐴sin𝜔𝑡  is used to simulate the harmonic function (𝐴  is 
amplitude, it equals to 0.1 g; 𝜔 is circular frequency; 𝑡 is time). The values of 𝜔/𝜔ଵ and 𝜔/𝜔′ଵ 
are taken as 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5. Liquid resonance will occur when 
𝜔 is equal to 𝜔ଵ, and structure resonance will occur when 𝜔 is equal to 𝜔′ଵ. In order to study the 
influence of two kinds of resonances on dynamic responses, the maximum values of wall tension 
stress, structure displacement, base shear force and liquid sloshing wave height are analyzed. 
Dynamic responses of structure and liquid corresponding to two types of resonances are shown in 
Fig. 7 and Fig. 8. 
As shown in Fig. 7, when the excitation frequency equals to the first order vibration frequency 
of structure, the tensile stress of the wall is 1.984 MPa, which is very close to the concrete tensile 
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strength (2.01 MPa); however, when 𝜔/𝜔′ଵ is equal to the other values, the difference of the wall 
tensile stress is not significant. When 𝜔/𝜔′ଵ is equal to 1.0, the displacement of base-isolated 
RLSS reaches the maximum value 19.959 mm, at the same time, the base shear force also reaches 
the maximum value 2.677 kN. Besides, effects of excitation frequency on structure displacement 
and base shear force are basically the same.  
1.84 
1.86 
1.88 
1.90 
1.92 
1.94 
1.96 
1.98 
2.00 
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Te
ns
ile
 st
res
s/M
Pa
Frequency ratio  
a) Wall tension stress 
0 
5 
10 
15 
20 
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Di
sp
lac
em
en
t/m
m
Frequency ratio  
b) Structure displacement 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Ba
se 
sh
ea
r fo
rce
/kN
Frequency ratio  
c) Base shear force 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Liq
uid
 slo
sh
ing
 h
eig
ht/
m
Frequency ratio  
d) Liquid sloshing wave height 
Fig. 7. Influence of structure resonance on dynamic responses 
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Fig. 8. Influence of liquid resonance on system dynamic responses 
When 𝜔/𝜔′ଵ is equal to 1.0, the liquid sloshing wave height reaches the maximum value 
0.487 m; when 𝜔/𝜔′ଵ is less than 1.0, the liquid sloshing wave height is still large; when 𝜔/𝜔′ଵ 
is greater than 1.0, the liquid sloshing wave height is smaller, and the liquid sloshing wave height 
will be further decreased with the increase of excitation frequency. The main reason is that the 
liquid sloshing period is long, so smaller excitation frequency on the liquid sloshing wave height 
will be more significant. The vibration frequency of base-isolated RLSS is larger, when 𝜔/𝜔′ଵ is 
greater than 1.0 and further increased, excitation frequency 𝜔 will be far away from the liquid 
sloshing frequency, so the liquid sloshing height is reduced. 
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As shown in Fig. 8, when the excitation frequency equals to the first order vibration frequency 
of liquid, the tensile stress of the wall is 1.903 MPa, which is close to the concrete tensile strength 
(2.01 MPa); however, when 𝜔/𝜔ଵ is equal to the other values, the difference of the wall tensile 
stress is not significant. When 𝜔/𝜔ଵ is equal to 1.0, the displacement of base-isolated RLSS 
reaches the maximum value 12.300 mm, at the same time, the base shear force also reaches the 
maximum value 1.946 kN, and the effects of excitation frequency on structure displacement and 
base shear force are basically the same; when 𝜔/𝜔ଵ is equal to 1.0, liquid sloshing wave height 
reaches the maximum value 3.961 m, namely, which will occur obvious resonance amplification 
effect, and be easy to exceed the reserved no-water height, as a result, liquid overflow will happen. 
For LSS used to store chemical substances or pollutants, the consequences caused by liquid 
resonance will be more serious, so sufficient attention should be paid to this problem. 
In order to further understand the influences of two kinds of resonances on dynamic responses 
of the system, the results of Fig. 7 and Fig. 8 are summarized. When the excitation frequency 
equals to the first order vibration frequency of base-isolated RLSS, the wall tensile stress, structure 
displacement and base shear force are obviously larger than that of liquid resonance; when the 
excitation frequency is equal to the first order vibration frequency of liquid, the sloshing height is 
far greater than of structure resonance. So, it is concluded that structure resonance has greater 
influence on the dynamic responses of structure itself, while liquid resonance has the greatest 
influence on the liquid sloshing. 
Due to limited space, Fig. 9, Fig. 10 and Fig. 11 list the nephograms of wall tensile stress, 
liquid sloshing height and liquid velocity field. 
 
a) Structure resonance 
 
b) Liquid resonance 
Fig. 9. Nephogram of wall tensile stress under resonance 
 
a) Structure resonance 
 
b) Liquid resonance 
Fig. 10. Nephogram of liquid sloshing wave height under resonance 
As shown in Fig. 9, when structure or liquid resonance occurs, the maximum tensile stress is 
located at the junction of the wall; in the design of structure, the cracking resistance can be 
enhanced by thickening concrete and adding reinforcement in these regions. As shown in Fig. 10, 
when structure resonance occurs, liquid sloshing height is small; the liquid sloshing height reaches 
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the maximum value near the wall, the liquid height sloshing is basically equal to zero then the 
liquid is away from the wall. When liquid resonance occurs, the liquid sloshing height seriously 
exceeds the reserved no-water wall height. As shown in Fig. 11, when liquid resonance occurs, 
the liquid velocity field is very chaotic, which means the liquid movement is very violent. 
 
a) Structure resonance 
 
b) Liquid resonance 
Fig. 11. Liquid velocity field under resonance 
4. Conclusions 
Subsonic potential-based fluid is used to simulate the nonlinear properties of liquid sloshing, 
and the FSI equation is established based on FEM. The representative dynamic responses (wall 
tensile stress, structural displacement, base shear force, liquid sloshing height and liquid velocity 
field) of base-isolated concrete RLSS are used as the analysis object, and the dynamic responses 
are comparatively investigated when liquid resonance or structure resonance occurs. The main 
conclusions are as follows: 
1) When the external excitation frequency is equal to the first order vibration frequency of 
structure, wall tensile stress, structure displacement, base shear force and liquid sloshing wave 
height will suffer resonance amplification phenomenon, and the wall tensile stress is close to 
concrete tensile strength, as a result, wall cracking will be easily caused. 
2) When the external excitation frequency is equal to the first order vibration frequency of 
liquid, wall tensile stress, structure displacement, base shear force and liquid sloshing wave height 
will also suffer resonance amplification phenomenon, and the effect of liquid resonance on liquid 
sloshing wave height is most obvious, which will easily cause liquid overflow. 
3) Under the two kind of resonances, the maximum wall tensile stress all appears in the 
position of wall conjunction. 
4) When liquid resonance occurs, the disturbance of liquid velocity field is obviously larger 
than that of structure resonance, which means liquid motion is more violent under this kind of 
resonance. 
5) The influence of structure resonance on dynamic responses of structure itself is greater than 
that of liquid resonance, while the influence of liquid resonance on liquid sloshing is greater than 
that of structure resonance. 
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